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Abstract— Particle-in-cell (PIC) simulation was used for
analyzing the instabilities due to zero-drive oscillations in
a 220-GHz folded-waveguide (FW) traveling-wave tube. The
equivalent circuit analysis based on the transmission line
approach was used for the parametric design of the FW
structures (FWSs) with circular and rectangular (horizontal
and vertical) beam holes. Experimental validations with
reference to the dispersion and interaction impedance char-
acteristics were carried out on a scaled model of the slow
wave structure in the Ku band. The oscillations observed in
various configurations of the FWS were subsequently ana-
lyzed using the Brillouin diagram. The FWS with horizontal-
rectangular beam hole was found to have a better immunity
to instability compared to the other two configurations.
Index Terms— Beam configurations, folded-
waveguide (FW) traveling-wave tubes (TWT), instabilities,
sheet-beam TWT, zero-drive oscillations.
I. INTRODUCTION
FOLDED-WAVEGUIDE traveling-wave tubes (FWTWT)employing folded-waveguide slow wave struc-
tures (FWSWSs) are becoming increasingly important
due to their suitability for high-frequency operation extending
to terahertz [1]–[6]. A typical FWSWS consists of two
semicircular E-plane rectangular waveguide bends and two
straight rectangular waveguide sections having beam holes
at the center of each straight waveguide sections. A typical
period of an FWSWS having three types of beam-hole
cross sections (circular, horizontal-rectangular, and vertical-
rectangular) is shown in Fig. 1. There exists an inherent
phase reversal of the axial electric field (along the beam
axis) between the successive beam crossings similar to that
occurring in a coupled-cavity slow wave structure (CC-SWS)
operating in the forward space-harmonic mode. The FWSWS
also has the passband and stopband characteristics similar to
that in a CC-SWS. Thus, an FWG-SWS may be considered
to have an analogous “cavity passband” and “slot passband”
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Fig. 1. Typical schematic of a period of the FWS with (a) circular beam
hole, (b) horizontal-rectangular beam hole, and (c) vertical-rectangular
beam hole.
as in a CC-SWS, a consideration useful for analyzing the
phenomenon of instability in an FWTWT, as will be seen
in subsequent sections. However, a serious limitation of an
FWSWS is its low interaction impedance. A popular scheme
of enhancing the on-axis average interaction impedance and
also enhancement of interaction efficiency through higher
beam current is often used by employing a sheet electron
beam for RF interaction [7]–[9].
In a sheet-beam device, a circular beam is typically recon-
figured to a rectangular cross section having its width as twice
the diameter and thickness/height as half the diameter of the
circular beam thereby offering the possibility of an enhanced
cross-sectional area by around 27%. Accordingly, around 27%
higher beam current could be supported without increasing the
beam current density. Introduction of the sheet beam, however,
demands suitable management of instabilities associated with
the rectangular beam hole required in the FWS for the passage
of such beams through the device.
In this paper, we have presented the parametric design of
a FWS having three types of beam-holes, such as circular,
horizontal-rectangular, and vertical-rectangular cross sections
using the transmission line analysis approach and bench
marked the design against cold measurement on a scaled
model of the slow wave structure in the Ku band. The particle-
in-cell (PIC) simulation is subsequently carried out for a com-
parative study of the performances of various configurations of
the FWS using a suitably designed beam voltage (Section II).
The zero-drive instabilities are studied in Section III and
finally this paper is concluded in Section IV enumerating the
assumptions and the limitations including the future direction.
II. DESIGN OF THE FOLDED-WAVEGUIDE SWS
A. Parametric Design
The parametric design of the FWS is carried out with regard
to the structure as shown in Fig. 1. It comprises of rectangular
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waveguide having narrow-wall dimension b and broad-wall
dimension a, with p as the pitch of the structure (distance
between the successive beam crossings), h as the height of the
straight portion of the FWS, rc as the radius of the circular
beam hole, and a1 and b1 as the width and height of the
rectangular beam holes, respectively. Phase velocity (v p) of
rectangular waveguide is given by
v p = c/
√
(1 − ( fc/ f )2) (1)
where c is the velocity of electromagnetic wave in free space
and f is the frequency of operation. The cut-off frequency ( fc)
is determined based on the operating to cut-off frequency
ratio f/ fc maintained within the range of 1.2–1.3. From the
phase velocity of the waveguide, the effective phase veloc-
ity veff, p of the axial electric field along the interaction gaps
is given by
veff,p = v p p/path_length (2)
where path_length refers to the total electrical length of
the electromagnetic wave propagation along the folded
waveguide (FW) between successive beam crossings. The ratio
of p to path_length defines the delay incurred by the elec-
tromagnetic wave propagation along the waveguide between
successive beam crossings. Pitch is determined by assuming
the phase shift per pitch as equal to 1.5π (center of the cold
passband)
βp = 1.5π = ωp/veff,p. (3)
The parametric design is now carried out with the following
considerations.
1) The narrow-wall dimension of the waveguide b for the
maximum on-axis electric field and maximum interac-
tion impedance [5].
2) The circular E-bend portion of the FWS is designed
with the inner radius of (p − b)/2 and outer radius
of (p + b)/2.
3) Height of the straight waveguide portion h is determined
from the value of the path_length.
4) The circular beam-hole radius is determined with
the assumption of normalized beam-hole radius (γ rc)
within the range of 1.3–1.4 for maximum gain con-
siderations [10]. Here, γ is the transverse propagation
constant, given by
γ =
√(
β2 − β20
) (4)
with β as the phase propagation constant of the FWS and
β0 as the free-space propagation constant. The dimensions
of the rectangular beam hole can be subsequently arrived at
with the consideration that its width as twice the diameter
and thickness as half the diameter of the circular beam [12].
Using this design approach, the dimensions of FWS are deter-
mined at the center frequency 220 GHz for cold bandwidth
of 170–280 GHz (Table I).
TABLE I
NORMALIZED DIMENSIONS OF THE FOLDED-WAVEGUIDE
STRUCTURE (FIG. 4)
B. Analysis of Phase Velocity and Interaction Impedance
A rectangular waveguide operating in the dominant mode
of operation is represented by transmission line equations
V (z0 + p) = V (z0) cos(θ) + j Z I (z0) sin(θ)
I (z0 + p) = I (z0) cos(θ) + jY V (z0) sin(θ) (5)
where V (z0) and I(z0) represent the transmission line circuit
voltages and currents that are proportional to the rms values
of the transverse electric and magnetic fields of the waveguide
at any point z0 along the direction of propagation and θ
represents the phase shift. Z and Y are the series impedance
and shunt admittance at any point z0 of the waveguide,
respectively [15]. The equivalent circuits of the various
waveguide elements comprising one period of the FWS includ-
ing the beam hole (Fig. 1) in terms of equivalent transmission
line transfer matrices are cascaded to get final transfer matrix
of the FWS as follows [15]:
[F] =
[
cos(θ) j Z sin(θ)
j/Y sin(θ) cos(θ)
]
(6)
Here, θ is the phase shift of the axial electric field per period,
and Z and Y are the series impedance and shunt admittance
of the FWS, respectively. The axial propagation constant is
determined as β = (θ + π)/p. The addition of π is due to
the inherent reversal of the electric field between the beam
crossings. The interaction impedance Kz is evaluated as [16]
Kz = Z0[(1/βp) sin(βb)/(0.5βb)]2 × avgfactor (7)
where Z0 is the impedance of the rectangular waveguide for
the TE10 mode given by
Z0 = (2b/a)(η0/
√
1 − ( fc/ f )2) (8)
and η0 is the free-space impedance. The avgfactor is deter-
mined by taking into account the variation of electric field
within the beam hole (circular/sheet-beam hole as the case
may be).
C. Validation of Design
A scaled cold-measurement model of the FWS is designed
at 16 GHz with a scaling factor of 13.75 (Table I). Based
on the scaled design, an FWS with vertical-rectangular beam
hole having 12 pitch length was fabricated. The resonance
technique was used for measuring both dispersion and interac-
tion impedance characteristics [11]. The procedure is to deter-
mine the resonant frequencies of the short-circuited length
of the structure when the phase shift satisfies the condition:
θ = βL = πr , where L is the total length of the FWS,
r varies from 1 to number of pitch lengths. The interaction
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Fig. 2. Comparison of (a) dispersion and (b) interaction impedance char-
acteristics with measurements, equivalent circuit analysis, and simulated
experiment.
impedance (Kz) is obtained by perturbing the resonances with
a dielectric rod for the full length through the beam hole. It is
given by [11]
Kz = (2δ fr/ fr )/(ε0(εr − 1)Aβ2vg) (9)
where fr is the resonant frequency, δ fr is the change in the
resonant frequency, A is the area of cross section of dielectric
rod, and vg is the group velocity. Simulated experiment
[Fig. 2(b)] was carried out for perturbation of resonances for
measurement of Kz due to the nonavailability of dielectric rod.
Alumina rod with 99.9% purity and εr value 9.9 was used for
simulation.
D. PIC Simulation and Selection of Beam Voltage
The dimensions obtained from the design and equivalent
circuit analysis were optimized and simulations using Eigen-
mode solver were carried out for the final FWS. The dispersion
and interaction impedance characteristics for FWS operating
at 220 GHz are shown in Fig. 3.
The normalized phase velocity v p/c is found to be around
0.255 at the design frequency of 220 GHz. This value cor-
responds to synchronous beam potential of 16.5 kV. Under
the consideration that sustained amplification can be sup-
ported only at a beam velocity slightly higher than the phase
velocity, the PIC analysis were carried out by varying the
beam potential from 17 to 19 kV with the beam current
of 175 mA. The PIC based beam-wave interaction analysis
was carried out using Computer Simulation Technology (CST)
Studio. The PIC analysis model is shown in Fig. 4. A single
section FWTWT having 13 periods with waveguide input–
output couplers is considered for analyzing the amplification
process and the onset of oscillations. A uniform magnetic
field of 0.55 T was defined in the axial direction for beam
focusing. The maximum output power is obtained at 18.5 kV
(Fig. 5), which has been chosen for the further study. The PIC
Fig. 3. (a) Dispersion and (b) interaction impedance characteristics of
FWS with circular and rectangular (horizontal and vertical) beam holes.
Fig. 4. PIC model of a typical sheet-beam FWTWT section with
rectangular hole oriented horizontally (13 periods). Dimensions are
presented in first row of Table I.
Fig. 5. Optimization of beam potential.
simulations were carried out with circular and sheet-beam
configurations. The circular beam hole with rc 0.075 mm was
considered as reference for the analysis. The corresponding
sheet-beam-hole dimensions derived from the circular beam
was 0.3 mm × 0.075 mm. A rectangular/elliptical cathode is
considered to give the required sheet beam with 60% beam
filling factor.
The variation in the normalized phase velocity for the
circular and sheet-beam configurations is less than 0.5%,
since the effective axial phase velocity depends mainly on
the effective electrical length of the FWS between the beam
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Fig. 6. On-axis field for FWS with circular and rectangular (horizontal
and vertical) beam holes.
Fig. 7. Transfer characteristics of FWTWT circular and sheet-beam
configurations.
crossings and not on the shape of the beam hole [Fig. 3(a)].
However, there is 25% enhancement in the on-axis interaction
impedance for the case of rectangular beam hole compared to
that of circular beam hole [Fig. 3(b)].
The on-axis electric field profile for circular and sheet-
beam-hole configurations as obtained from the Eigen-mode
solver is shown in Fig. 6. The on-axis electric field strength
is highest when there is no beam hole. Even though the beam
hole is designed to be in cut-off region, there is leakage of
the electric field through the beam hole resulting in reduction
of on-axis field available for interaction. The leakage electric
field through the rectangular beam hole is found to be smaller
compared to that of the circular beam hole resulting in higher
on-axis field. Thus, a higher interaction impedance for the
FWS configurations having rectangular beam hole is obtained.
The transfer characteristics (Fig. 7) also show 1.6 times
enhancement in the output power in the sheet-beam FWTWT
compared to that for a circular-beam FWTWT. However,
the vertical sheet-beam FWTWT is prone to oscillations at
zero/low drive conditions as will be discussed in the following
sections. The time domain response (Fig. 8) of the zero-drive
input shows the growth of oscillations in the output signal.
III. ZERO-DRIVE OSCILLATIONS
The instability due to zero-drive oscillations in FWTWT
with vertical sheet beam was investigated using PIC solver
of CST Studio. The onset of instability in this device was
investigated for varying beam potential, beam current, and
sheet-beam-hole dimensions.
Fast Fourier transform (FFT) of the output signal in Table II
shows the presence of oscillations for all beam potentials
Fig. 8. PIC output signal amplitude with time for zero-drive input in FWS
with vertical sheet beam (0.3 mm × 0.075 mm) configuration.
TABLE II
ZERO-DRIVE OSCILLATIONS VERTICAL BEAM-HOLE
DIMENSIONS 0.3 mm × 0.075 mm
TABLE III
INTER DEPENDENCE OF BEAM CURRENT AND BEAM-HOLE HEIGHT
FOR ONSET OF ZERO-DRIVE OSCILLATIONS
Fig. 9. PIC output signal amplitude with time for zero-drive input
for vertical sheet beam hole 0.3 mm × 0.1 mm beam hole (decaying
oscillations).
for an FWTWT with a vertical sheet-beam hole of design
dimensions (0.3 mm × 0.075 mm). Simulations were carried
out to ascertain the interdependence of beam current and
beam-hole height for zero-drive oscillations at the optimized
beam potential of 18.5 kV and the results are tabulated
in Table III.
Similar studies were carried out for the horizontal sheet-
beam FWTWT with the designed beam-hole dimension
of 0.3 mm × 0.075 mm. The device shows stability with
respect to the beam potential spanning from 17 to 21 kV and
beam current from 0.15 to 0.25 A. PIC simulations were then
carried out to determine beam-hole height threshold for the
onset of instability. (Table IV).
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TABLE IV
PRESENCE OF ZERO-DRIVE OSCILLATIONS FOR HIGHEST BEAM
CURRENT AND LOWEST BEAM-HOLE HEIGHT
Fig. 10. Brillouin diagram showing the cavity (dashed lines) and slot
modes (solid lines) for FWS with circular and rectangular (horizontal
and vertical) beam holes along with beam line (18.5 kV) interception
(straight line).
Table IV shows the presence of oscillations when the
beam-hole height is reduced below 0.07 mm. Hence, for this
specific case, the beam-hole height threshold for oscillations
is 0.06 mm. The minimum beam-hole height at which hori-
zontal sheet-beam device functions as stable amplifier without
instabilities due to zero-drive oscillations is 0.07 mm which
results in the aspect ratio 1:4.3. From Tables III and IV, it is
observed that the start current for oscillations in a horizontal
sheet-beam device is 1.42 (0.25/0.175) times higher than that
of the vertical sheet-beam device.
A. Interpretation of the Results
From the preceding results, it is found that the operating
beam current and the beam-hole dimensions play the crucial
role in determining the stability of the device. The Pierce gain
parameter C of an amplifier is defined by the relation
C = (Kz I
/
4V
)1/3 (10)
where Kz is the interaction impedance, I is the beam current,
and V is the beam potential. As the beam current increases,
C the gain parameter increases causing the onset of oscilla-
tions. In order to, get an insight into the dependence of oscil-
lations on beam-hole dimensions, Brillouin diagram (Fig. 10.)
is constructed for proposed FWSs with circular, horizontal and
vertical beam-hole configurations. Eigen-mode solver of CST
Studio was used to obtain the cavity and the slot resonant
frequencies [14] (Table V).
TABLE V
CAVITY AND SLOT MODE FREQUENCIES OF FWS WITH DIFFERENT
BEAM-HOLE CONFIGURATIONS
Fig. 11. 2-D plot of electric field for (a) cavity 2π mode and (b) slot 2π
mode for FWS.
TABLE VI
CAVITY, SLOT 2π FREQUENCIES AND SM AS A FUNCTION OF
SHEET-BEAM-HOLE HEIGHT/RADIUS WITH CONSTANT
WIDTH (0.3 mm) FOR FWSS
Table V shows that the cavity 2π mode frequen-
cies for the designed FWSs are very close and vary
from 278.2 to 280.3 GHz, and there is a large variation
(277.8 to 263.7 GHz) for slot mode 2π frequencies.
Brillouin diagram shows that there is coalescing/overlapping
of the passbands (cavity and the slot passbands) for FWSs.
It is observed that for the FWS with vertical sheet-beam-
hole configuration, the cavity 2π mode and slot 2π mode
frequencies are very close (278.2 and 277.8 GHz). The beam
line intercepts this curve at frequencies close to the cavity
2π mode frequency. In the case of the FWSs with circular
and horizontal sheet-beam holes, the slot 2π frequencies are
much lower than the cavity 2π frequencies. This results beam
line interception of the dispersion curve at frequencies closer
to the slot 2π frequencies.
B. Analysis of the Instabilities
The PIC simulation studies and Brillouin diagram for the
FWSs necessitates the study of the field patterns of cavity 2π
and slot 2π mode frequencies. The Eigen-mode simulations
of FWS show the 2-D plot of electric field in FWS for the
cavity and slot modes at 2π frequencies (Fig. 11). There is
a strong on-axis electric field in the cavity 2π mode and
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zero on-axis field at slot 2π mode. In the case of FWS with
vertical sheet-beam configuration, beam line intercepts are
near the cavity 2π frequency, where the interaction impedance
is very high. Thus, oscillations are triggered even when there
is zero drive [19]. In the case of FWSs with circular and
horizontal sheet-beam configurations, the beamline intercepts
are close to the slot 2π frequencies and oscillations will not
get triggered as there is zero on-axis electric field resulting in
zero interaction impedance. The stable operation of the device
depends on the amount of coalescing of the cavity and the slot
passband. The extent of coalescing (difference between cavity
mode 2π and slot mode 2π frequencies) is defined as the
stability margin (SM). The SM is the highest in the case of
horizontal sheet-beam structure and lowest in the case of the
vertical sheet-beam structure (Table VI).
Table VI shows the cavity, slot 2π frequencies and SM with
respect to the sheet-beam-hole height/radius for FWSs with
sheet beam and circular beam-hole configurations. As beam-
hole height/radius is increased, it is observed that the cavity 2π
frequency is increasing and the slot 2π frequency is decreasing
for all the FWS configurations resulting in the increase of
amount of coalescence and thereby increased SM. The SM
level is highest in the case of horizontal sheet-beam FWS
and lowest in case of vertical sheet-beam FWS. This explains
the growth of oscillations in vertical sheet-beam FWTWT
with beam-hole height 0.075 mm (Fig. 8.) and decaying of
oscillations when beam-hole height was increased to 0.1 mm
for the same beam current of 0.15A (Fig. 9.). The beam-
hole height threshold for oscillations in the case of horizontal
sheet-beam FWTWT is 0.06 at an operating current of 0.25 A
(Table IV) as SM is high compared to that of vertical sheet-
beam FWTWT.
IV. CONCLUSION
This paper was undertaken to understand and analyze the
cause of zero-drive oscillations in the high-frequency, high-
gain, sheet-beam FWSs used in the TWTs. The parametric
design of the FWS at 220 GHz, with circular and rectangular
beam-hole (sheet beam) is presented. This paper shows that a
sheet-beam FWTWT has 25% higher interaction impedance
and 1.6 times higher power compared to a circular-beam
device.
The present PIC simulation study also explains the cause
of zero-drive oscillations in FWTWT circuits. The onset of
instability in sheet-beam circuits depends on beam current,
beam-hole dimensions and its orientation. The Brillouin dia-
gram was constructed for the circular, rectangular/horizontal,
and rectangular/vertical beam hole orientated FWSs. The insta-
bility is directly related to the extent of coalescence of the slot
passband and cavity passbands. The SM (difference between
cavity 2π and slot 2π frequencies) is determined. This paper
shows that the horizontal sheet-beam FWTWT with an SM
of 14.6 GHz, has the best immunity to instability, compared
to the that of the circular beam and vertical beam which have
SMs of 5.8 and 0.4 GHz, respectively.
This paper will aid in the design of horizontal sheet-beam
FWTWT, which are stable with higher gain. This paper can
be extended to include higher order modes of operation.
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